In the mammalian intestine, crypts of Leiberkü hn house intestinal epithelial stem/progenitor cells at their base. The mammalian intestine also harbors a diverse array of microbial metabolite compounds that potentially modulate stem/progenitor cell activity. Unbiased screening identified butyrate, a prominent bacterial metabolite, as a potent inhibitor of intestinal stem/progenitor proliferation at physiologic concentrations. During homeostasis, differentiated colonocytes metabolized butyrate likely preventing it from reaching proliferating epithelial stem/progenitor cells within the crypt. Exposure of stem/progenitor cells in vivo to butyrate through either mucosal injury or application to a naturally crypt-less host organism led to inhibition of proliferation and delayed wound repair. The mechanism of butyrate action depended on the transcription factor Foxo3. Our findings indicate that mammalian crypt architecture protects stem/progenitor cell proliferation in part through a metabolic barrier formed by differentiated colonocytes that consume butyrate and stimulate future studies on the interplay of host anatomy and microbiome metabolism.
In Brief
The architecture of intestinal crypts protects the stem cells at their base from a growth-inhibiting metabolite derived from the gut microbiome. Might these findings suggest co-evolution of mammalian anatomy with commensal flora?
INTRODUCTION
The mammalian intestinal epithelium undergoes rapid and perpetual renewal throughout the life of the organism (Stappenbeck et al., 1998) . Stem and progenitor cells that drive this process give rise to all the differentiated cell types and are housed near the base of invaginations into the intestinal wall called crypts of Lieberkü hn (discovered in 1745) (van der Flier and Clevers, 2009) . Host genetic programs involving Wnt, Hedgehog, and Noggin signals influence the development and turnover of these stem cells (Haramis et al., 2004; Lickert et al., 2000; Wang et al., 2002) . Despite knowledge of their existence for nearly three centuries, the function of the crypt structure remains unclear. It has been broadly inferred that crypts may protect rapidly dividing stem and progenitor cells from potentially damaging luminal factors, including pathogenic invasive microbes and genotoxic agents (Cheng and Leblond, 1974) . However, evidence to support this idea is lacking.
The host factors regulating intestinal stem cells and their differentiated progeny include molecules commonly involved in the development of many tissues. For active, Lgr5-positive intestinal epithelial stem cells, canonical Wnts and R-spondins are critical host factors for their maintenance. (Barker et al., 2007; de Lau et al., 2011; Sato et al., 2009; van der Flier et al., 2009) . Bone morphogenetic protein (BMP) signaling limits the number of crypts (Haramis et al., 2004) . The Notch pathway affects cell fate decisions (VanDussen and Samuelson, 2010; Yang et al., 2001) . In sum, these classical host pathways interact to drive stem cell turnover and dictate cell differentiation of the intestinal epithelium. An open question is how the neighboring microbiota modulates stem cell function.
A variety of host functions including metabolism, immunity, as well as neuronal and vascular development, are regulated by the intestinal microbiota (Erny et al., 2015; Kabat et al., 2014; Kaiko and Stappenbeck, 2014; Ridaura et al., 2013; Stappenbeck et al., 2002) . Important mediators of these interactions can be microbial metabolites. These are small, diffusible factors capable of engaging host cells, which could facilitate their ability to modulate basic physiologic processes (Donia and Fischbach, 2015) . Specific molecules influence important aspects of host metabolism (Tolhurst et al., 2012) , pathogenesis of atherosclerosis (Koeth et al., 2013) , and the development of immune cell subsets (Arpaia et al., 2013; Furusawa et al., 2013; Mazmanian et al., 2005; Smith et al., 2013) .
Broadly, the microbiota affects the intestinal epithelium during damage. Several studies have proposed a role for the microbiota through immune cell-epithelial cross-talk in promoting intestinal epithelial repair. These pathways include important contributions from Toll-like and formyl peptide receptors in detecting broad bacterial ligands (Leoni et al., 2013; Pull et al., 2005; Rakoff-Nahoum et al., 2004 ). Yet, how specific microbiota-derived signals directly influence the stem/progenitor cells of the intestinal crypt remains unknown. We hypothesized that the crypt structure may act to protect stem/progenitor cells from soluble microbiota-derived signals present in the intestinal lumen. To test this idea, we took a reductionist approach to understand interactions between microbes and stem cells. Over the past decade, various approaches to study intestinal stem cells have been developed, including derivation of these cells from induced pluripotent stem cells (Spence et al., 2011) and isolating crypts for perpetual culture by adding recombinant stem cell factors including Wnt3a and R-spondin-3 (Sato et al., 2009 ). These approaches have led to critical breakthroughs in advancing our understanding of stem cell maintenance. However, these approaches tend to utilize heterogeneous populations of cells (both stem and differentiated) and have a low rate of turnover. Recently, we developed a system to culture large numbers of primary intestinal stem and progenitor cells (Miyoshi et al., 2012; Miyoshi and Stappenbeck, 2013) , which has now enabled us to conduct high throughput functional screens.
To determine how intestinal epithelial progenitors are influenced by surrounding microbiota and their soluble metabolites, we utilized a set of metabolites that were identified as induced or produced by the microbiota in wild-type mice (Matsumoto et al., 2012) . We screened these metabolites and known pathogen-associated molecular patterns (PAMPs) for their impact on stem and progenitor cell activity and discovered that the fiber fermentation product, butyrate, potently inhibited proliferation of these cells through a Foxo3-dependent mechanism. This effect was dependent on the access of butyrate to the intestinal crypt base. Butyrate-mediated suppression was only observed in mouse models of crypt perturbation or mucosal injury (involving removal of the overlying epithelium from the crypt) and in the naturally crypt-less zebrafish. We show that the overlying layer of differentiated colonocytes breaks down butyrate and shuttles it for oxidative phosphorylation. Taken together, our results lead us to propose that the mammalian crypt may have evolved, in part due to the presence of microbial metabolites, to afford protection to stem/progenitor cells via its action as a metabolic barrier.
RESULTS

Microbial Metabolite Screen Reveals Potent Suppressors of Colonic Epithelial Stem/Progenitor Proliferation
We screened a catalog of intestinal microbial metabolites and PAMPs (92 molecules) for their effects on intestinal stem and progenitor cell activity. These metabolites are either induced or produced by the intestinal microbiota of wild-type mice (Matsumoto et al., 2012) (Table S1 ). They were screened on primary colonic epithelial cells isolated from Cdc25A-click beetle red luciferase reporter mice (Sun et al., 2015) grown under conditions enriched for rapidly dividing Lgr5 + stem/progenitor cells (Miyoshi et al., 2012 ) ( Figure 1A ). Cdc25A is a cell-cycle phosphatase with peak protein levels during mitosis (Boutros et al., 2006) ; luminescence intensity correlates with cell proliferation and this can be modulated by host genetic factors (Sun et al., 2015) . The initial screen revealed eight candidates that suppressed epithelial proliferation ( Figure 1B ). All eight metabolites suppressed proliferation under conditions enriched for stem (high Wnt signaling) and progenitor cells (diminished Wnt signaling) ( Figure S1A ). A secondary screen used a doseresponse analysis for each of the eight metabolites, based on the luminal concentration of each individual metabolite (Figure S1B) . Of the eight metabolites, butyrate most potently suppressed epithelial proliferation at its physiologic concentration using three distinct measurements of proliferation ( Figures 1C,  2A , 2B, S1C, and S1D).
Butyrate is a product of bacterial fermentation of dietary fiber and is one of the most abundant metabolites found in the mammalian colonic lumen ($5 mM in mice and $70 mM in humans) (Louis and Flint, 2007) . The effect of butyrate on epithelial proliferation was specific among short chain fatty acids (SCFAs) as propionate and acetate had no effect ( Figure 2C ). The effect of butyrate was reversible at a dose of 1 mM but became permanent at higher concentrations (3-10 mM) through induction of apoptosis ( Figures 2D, 2E , S1C, and S1D). These findings may oppose the beneficial roles of butyrate attributed to its anti-inflammatory effects on immune cells (Arpaia et al., 2013; Chang et al., 2014; Furusawa et al., 2013; Smith et al., 2013) and suggest that it has a suppressive effect on epithelial stem/progenitor cells of the colon.
The Crypt Structure Protects Colonic Stem/Progenitor Cells from Butyrate-Mediated Suppression We hypothesized that the crypt structure protects stem/progenitor cells by sequestering them from the high concentration of luminal butyrate. Alteration of luminal butyrate in mice by direct enema (increase) or antibiotics (decrease by eliminating butyrate-producing microbes) showed no effect on intestinal proliferation ( Figures 3A and S2A ). The latter experiment confirmed previous studies using germ-free mice (Pull et al., 2005) .
We next examined an experimental model system that lacks crypts but still has high epithelial turnover. Unlike mice and other mammals, zebrafish do not have crypts (Ng et al., 2005) and their intestinal stem/progenitor cells are exposed to the lumen (Figure 3B) . Importantly, zebrafish also lack the bacterial organisms and enzymes that produce butyrate ( Figure 3C ). We observed a potent suppressive effect on epithelial proliferation within the intestinal bulge region of zebrafish exposed to butyrate (Figures 3D, 3E, and S2B) . This supports a role for crypts in preventing the effects of butyrate on stem/progenitor cell proliferation.
Based on the dichotomous effects of butyrate in mice and zebrafish, we hypothesized that crypts limit access of butyrate to stem/progenitor cells. To test this hypothesis in mice, we focally removed the epithelium by two methods to expose stem/progenitor cells to luminal butyrate. In mice treated with dextran sodium sulfate (DSS) to induce colonic ulcers (Pull et al., 2005) , exogenous butyrate diminished epithelial proliferation in crypts adjacent to ulcers (Figures 4A and 4B) . This effect was also associated with an increased ulcer size, number of atrophic crypts ( Figures S2C-S2F) , and the number of CD44-positive cells in crypts surrounding ulcers ( Figure S2G ). This treatment did not affect epithelial apoptosis or secretory differentiation status (Figures S2H and S2I) . In separate experiments, mice pretreated with metronidazole to eliminate butyrate-producing organisms (Louis and Flint, 2007) showed a decreased ulcer size with DSS treatment (Figures S2J and S2K ). The addition of exogenous butyrate or fecal transplant that included butyrate-producing bacteria reversed this effect ( Figures S2J and S2K ). We next injured the intestinal lining with biopsy forceps to remove small, $1 mm 2 fragments of the colonic mucosa (Seno et al., 2009) .
This model revealed similar suppressive effects of exogenous butyrate on epithelial stem/progenitor cell proliferation in crypts adjacent to the wound area ( Figures 4C-4E ). Thus, butyrate suppresses stem/progenitor cell proliferation upon exposure.
Development of In Vitro Differentiated Colonocytes
Our data suggest a crypt-shielding model of stem/progenitor cells that limits butyrate access to the crypt base. Colonocytes residing at the surface of the crypts are the most abundant differentiated epithelial cell type in this organ and potentially metabolize butyrate (Ruppin et al., 1980) . To test if colonocytes could drive crypt protection in vitro, we developed a method to differentiate stem cells into enriched cultures of colonocytes. These in vitro differentiated cells were polarized, post-mitotic (Figure S3A) and expressed an array of differentiation markers including aquaporin8, carbonic anhydrase 4 (Car4), F-actin, and alkaline phosphatase (Figures S3B and S4A-S4D; Table  S2 ). In addition, the cell shape and organelle composition were morphologically similar to in vivo colonocytes by transmission electron microscopy (TEM) analysis ( Figure S4E ).
Colonocytes Metabolize Butyrate through Oxidation and Shield Stem/Progenitor Cells from Butyrate
In order to test whether colonocytes protect stem/progenitor cells from butyrate in vitro, we performed a supernatant transfer experiment. Cell culture media supplemented with butyrate was pre-incubated with cells grown as colonocytes or stem/progenitor. Supernatant transferred to Cdc25A-luciferase expressing stem cells showed that pre-incubation with colonocytes, but not with stem/progenitor cells, significantly decreased the amount of butyrate in the media and reversed the suppressive effect on proliferation ( Figures 5A and S5A ). An $30% reduction in the high concentration of butyrate incubated with the See also Figure S1 and Table S1 .
colonocytes was sufficient to induce a >2-fold reversal in suppression of proliferation. As a control, addition of the amount of butyrate consumed by the colonocytes reversed this effect ( Figures 5A and S5A ). Furthermore, butyrate had no effect on colonocyte apoptosis ( Figure S5B ). These data suggest that colonocytes protect stem/progenitor cells from butyrate. We tested the hypothesis that colonocytes mediated their protective effect by metabolizing butyrate. First, analysis of microarray data ( Figures S5C and S5D ) showed colonocytes were highly enriched in mRNAs encoding enzymes in the TCA cycle and lipid metabolism, suggesting that they were equipped to oxidize fatty acids, such as butyrate. Second, metabolic profiles ( Figure 5B ) showed that colonocytes had a significantly higher ratio of oxygen consumption rate (OCR, an indicator of oxidative phosphorylation or OXPHOS) to extracellular acidification rate (ECAR, an indicator of glycolysis) compared to stem cells. Higher OCR/ECAR ratios suggest that colonocytes have a greater reliance on OXPHOS rather than on glycolysis for ATP generation compared to stem/progenitor cells. Third, colonocytes but not stem/progenitor cells utilized butyrate as a substrate for OXPHOS. In vehicle-treated control cells, the OCR steadily dropped upon inhibition of glycolysis by 2-DG treatment. Addition of butyrate rescued and maintained OCR/OXPHOS in a dose-dependent manner. The inhibitory effect of rotenone and antimycin on oxygen consumption in this assay confirmed that it was due to mitochondrial OXPHOS ( Figures 5C and 5D ). This effect was specific for butyrate, as acetate and propionate had minimal effect ( Figure S5E ). Fourth, isotope-tracing using (B) Percentage of S-phase cells 24 hr post-treatment with NaCl or butyrate (n = 3), one-way ANOVA ***p < 0.001, **p < 0.01. (C) Fold-change in proliferation (24 hr) post-treatment with short chain fatty acids (butyrate, propionate, and acetate) (n = 4 experiments), ANOVA ****p < 0.0001. (D) Stem/progenitor cells were pre-treated for 24 hr with 1 mM NaCl, 1 mM butyrate, or 10 mM butyrate, followed by a wash out, and then re-incubated in NaCl or butyrate. Proliferation was measured 24 hr later. Fold change in proliferation compared to the NaCl control (n = 10 experiments), one-way ANOVA ***p < 0.001; ns, not significant. (E) Number of cleaved caspase 3 positive cells/spheroid after 24 hr treatment with NaCl or butyrate (n = 4-6), one-way ANOVA ***p < 0.001. All values, mean ± SEM. See also Figure S1 . in vitro 13 C-labeled butyrate showed that colonocytes contained higher levels of 13 C-labeled acetyl-CoA, an end product of fatty acid oxidation, which is subsequently utilized in the TCA cycle ( Figure 5E ). In vivo tracing analysis of colonic injection of 13 Cbutyrate showed 3-fold higher level of 13 C-labeled acetyl-CoA present in the cells at the top of the crypt compared to stem/progenitor cells at the base ( Figures 5F and S5F ). Taken together, these data suggest that differentiated colonocytes located at the top of crypts can metabolize butyrate as an energy source, thus potentially preventing exposure of the stem cell niche to high levels of luminal butyrate.
Colonocytes Shield Stem/Progenitor Cells from Butyrate through Acads-Dependent Oxidation Laws of diffusion would naturally setup a butyrate gradient in the crypt, resulting in lower levels of exposure at the base as compared to the surface. However, we hypothesized that this was not the only mechanism involved in protecting stem/progenitor cells at the crypt base; rather the differentiated colonocytes could also further reduce the level of luminal butyrate reaching the crypt base by actively metabolizing butyrate. To test whether butyrate metabolism is required to protect stem/progenitor cells in vivo, we utilized mice deficient in acyl-CoA dehydrogenase (Acads), the key enzyme that converts butyrate to acetyl-CoA (Kelly and Wood, 1996) . Acads is expressed in colonocytes in vivo and in vitro (Figures 6A and 6B) . Metabolic profiling demonstrated a significant reduction in butyrate oxidation in Acads À/À colonocytes compared to wild-type (WT) cells in vitro contrast to WT mice even in the absence of injury ( Figures  6D-6F ). During DSS injury, Acads À/À mice demonstrated exaggerated suppression of stem/progenitor cell proliferation in crypts surrounding ulcers. This occurred both with and without exogenous butyrate treatment ( Figures 6G, 6H , and S5G). This was independent of Acads expression in stem cells as WT and Acads À/À stem cells did not metabolize butyrate and exhibited a similar level of suppression in proliferation in response to butyrate treatment ( Figures S5H and S5I ). These data suggest that the butyrate oxidation pathway in colonocytes was required to limit exposure of stem/progenitor cells to luminal butyrate.
Butyrate Suppresses Stem/Progenitor Cells through a Foxo3-Dependent Mechanism
To investigate the mechanism of proliferation suppression by butyrate, we examined two candidate pathways: (1) stimulation of G protein coupled receptors (GPCRs), or (2) inhibition of histone deacetylase (HDAC) enzymes (Arpaia et al., 2013; Furusawa et al., 2013; Mohammad, 2015) . First, GPCR signaling was blocked with Gi (Pertussis toxin) and Gq signaling (U73122) inhibitors ( Figure S6A ). Second, colonic stem/progenitor cells were generated from mice that genetically overexpress an endogenous GPCR inhibitor ( Figure S6B ) (Regard et al., 2007) . In both cases, butyrate suppression of proliferation was not altered (Figures S6A and S6B ). These results suggest that the effect of butyrate was GPCR-independent.
In contrast, we found that butyrate directly inhibited nucleic HDAC activity in a cell-free system in a dose-dependent manner ( Figure 7A ). Supporting this finding, butyrate increased acetylation in stem/progenitor cells at both the histone H3K27 and H3K9 sites ( Figure 7B ). In addition, an expanded panel of HDAC inhibitors phenocopied the suppressive effect of butyrate on stem/progenitor cells ( Figure S6C ). The prototypical pan-HDAC inhibitor, trichostatin A also suppressed epithelial proliferation in zebrafish, suggesting that the mechanism of butyratemediated suppression through HDAC inhibition was conserved ( Figure S6D ). To explore this mechanism further, we sought to identify a master regulator or transcription factor driving the effect of butyrate on stem cells. We performed genome-wide chromatin immunoprecipitation sequencing (ChIP-seq) and formaldehyde-assisted isolation of regulatory elements sequencing (FAIRE-seq) of butyrate-treated colonic stem/progenitor cells to identify sites with increased H3K27 acetylation suggestive of more accessible chromatin. We found $900 such regions within 2 kb of transcriptional start sites ( Figure 7C ). Parallel analysis of gene expression showed that butyrate treatment was associated with alterations in transcript abundance for >2,400 genes ( Figure 7D ). We then used predictive algorithms to identify the common DNA binding motifs enriched in both the upstream promoter regions identified in the ChIP-seq and the promoter regions of genes with altered expression after butyrate treatment ( Figure S6E ).
We focused on transcription factors that regulate cell-cycle genes. This analysis identified Foxo1 and Foxo3 transcription factors as highly predicted candidates. We functionally validated these factors by pharmacologic and genetic inhibition. A compound that inhibits both Foxo1 and Foxo3 activity (Nagashima et al., 2010) significantly reversed the effects of butyrate ( Figures  7E and S7A ). In addition, colonic stem/progenitor cells with genetic ablation of Foxo3, but not Foxo1, showed strong resistance to the effects of butyrate ( Figures 7F and S7B ). This effect appeared to be specific to the Foxo3 transcription factor as inhibition of other known negative cell-cycle regulators such as p53, TGF-b, p300/CBP, retinoic acid receptor-b, and microrna-34 were all unable to reverse the suppressive effects of butyrate ( Figures S7C and S7D) . Furthermore, inhibition of PI3kinase (the upstream negative regulator of Foxo3) also led to a reduction in proliferation in these stem cells ( Figure S7E ). Butyrate did not affect the levels of nuclear Foxo3 ( Figure S7F ). This suggested that butyrate instead increased the activity and potentially the See also Figures S3, S4 , and S5 and Table S2 . promoter binding of this transcription factor. We confirmed the role of Foxo3 by ChIP assays identifying increased binding of Foxo3 to the promoter regions of the negative cell-cycle regulators Cdkn1a, Cdkn1c, and Gadd45b following butyrate treatment ( Figure 7G ). This increased binding led to a corresponding increase in mRNA expression for all 3 genes following butyrate treatment of colonic stem/progenitor cell, which was reversed in Foxo3-deficient cells. (Figure 7H ). Finally, to test the role of this transcription factor in vivo we treated mice undergoing mucosal DSS injury with enemas of the Foxo inhibitor and showed that this reversed the effect of butyrate on epithelial proliferation ( Figures 7I and 7J ). These data show that butyrate acts on stem/progenitor cells to acetylate histones and induces a Foxo3-dependent suppression of proliferation.
DISCUSSION
By screening metabolites using a primary intestinal stem cell system, this study has assessed the function of intestinal microbial metabolites in stem cell biology. We discovered that butyrate potently suppresses proliferation by acting as an HDAC inhibitor and enabling increased promoter activity for the negative cell-cycle regulator Foxo3. The anti-proliferative effect was dependent on exposure of the stem cell niche (i.e., disruption of crypts by injury or in organisms that lack crypts) to luminal butyrate as the presence of the intact crypt structure prevented this effect. Metabolic analyses revealed that colonocytes metabolized butyrate through Acads-dependent oxidative phosphorylation to protect the underlying stem/progenitor cells from butyrate exposure. This study suggests that certain organisms have an architectural mechanism to prevent detrimental effects of microbial cues on stem/progenitor cells, while utilizing them as an energy source through metabolic synergy. Given the correlation between the presence of the butyrate-producing bacteria and the presence of the crypt structure, it is intriguing to speculate that this prominent microbial metabolite may have exerted a selective pressure on the host developmental programs to generate crypts during co-evolution of the microbiota with its host. Over the past decade, many advances have been made in understanding the composition and structure of the microbiome (Integrative, 2014). Only recently, however, has attention switched to understanding the function of the individual components of the microbiota, that is, the microorganisms themselves and the molecules they produce. Several studies have shown important effects of individual members of the commensal community, as well as families of bacteria (Atarashi et al., 2013; Ivanov et al., 2009) . A handful of studies have also examined the function of a small number of highly abundant metabolites produced by the microbiota (Trompette et al., 2014) . Here, we used an unbiased screen to examine the function of individual microbial metabolites that are detectable in the intestinal lumen. We anticipate the discovery of additional gut microbial metabolites that will be of utility in future studies. The catalog of metabolites utilized here consisted of those that were either induced in the host by the presence of the microbiota or produced and secreted directly by the microbiota itself (Matsumoto et al., 2012) . To screen these molecules, we developed a high throughput assay using the primary epithelial culture system developed in our lab (Miyoshi et al., 2012) . The ability to generate large numbers of enriched stem/progenitor cells as well as differentiated colonocytes was essential to understand the epithelial response to specific metabolites. We believe that this system serves as a platform that may help guide future efforts to investigate the function of individual components of the microbiota.
This study identified butyrate as the most potent microbial metabolite affecting stem/progenitor proliferation. This metabolite is a single component of a complex network of host-microbial interactions. Yet, the effect of this abundant metabolite occurs despite the pro-proliferative effects of global microbiota recognition by pattern recognition receptors (Pull et al., 2005; RakoffNahoum et al., 2004) . We found that butyrate delayed the stem cell expansion in the crypt base during mucosal injury, where the overlying colonocytes were damaged. Although this negatively affects wound repair in the short term, it may actually benefit the host in the long-term. By suppressing the rapid expansion of stem cells following mucosal damage of the epithelium, butyrate may prevent stem cells from dividing while in direct contact with genotoxic luminal contents. Therefore, this would reduce the risk of cancerous transformation of colonic stem cells ). The initial delay in stem cell expansion would allow an epithelial layer to cover the wound/ ulcer (Miyoshi et al., 2012) while blocking exposure to the luminal contents thus creating a safe environment for the expansion of stem cells.
We show that colonocytes break down butyrate using the oxidative phosphorylation machinery to provide a major source of their energy requirement. During homeostasis, this process helps to protect stem cell turnover from butyrate-mediated suppression, thus maintaining the epithelial barrier. However, this process is not binary. Rather, it is a process of titration whereby the surface colonocytes significantly reduce the level of butyrate (but not eliminate it) before it reaches the stem cell base and immune cells of the lamina propria. We found that even a 3-fold reduction in butyrate completely protected stem cells. In this manner, the surface layer of differentiated colonocytes appears to act as gatekeepers absorbing the majority of the abundant butyrate present at the surface. Our data suggest that active metabolism of butyrate by colonocytes, together with a natural limiting gradient by diffusion along the crypt axis, protects the stem/progenitor cell base. Only relatively small amounts of butyrate pass through these cells to exert beneficial anti-inflammatory and immune tolerogenic effects on such cells as Tregs and macrophages (Arpaia et al., 2013; Chang et al., 2014; Furusawa et al., 2013; Smith et al., 2013) .
As colonocytes occupy an enormous surface area with fast turnover (3-4 days in mice) (Stappenbeck et al., 1998) , this represents a large energy demand on the host that would act as a large sinkhole for glucose, sequestering it away from other vital systemic organs. To resolve this issue, it is likely that the mammalian host developed colonocytes and crypts with the ability to source their tremendous energy demands from butyrate produced by the neighboring microbiota. Studies in germfree mice suggest that the colonic epithelial layer is under metabolic stress and upregulates the autophagy pathway for survival (Donohoe et al., 2011) . Administration of butyrate reverses autophagy in colonocytes. Our study may provide insights as to why colonocytes show high specificity for preferential breakdown of butyrate rather than the other SCFAs propionate and acetate, which are also highly abundant in the colon.
We speculate that although all three of these SCFAs can be used as substrates for the TCA cycle, colonocytes mainly utilize butyrate as its levels need to be titrated down to prevent their effect on stem cells. Whereas butyrate potently suppressed stem cell proliferation, propionate and acetate were not able to do so. Therefore, it appears likely that colonocytes upregulate the enzymes specifically involved in the metabolism of butyrate as opposed to those involved in the metabolism of propionate and acetate. From our data, this appears to be the case. For example, enzymes specifically involved in the breakdown of propionate to produce acetyl-CoA, such as aldehyde dehydrogenase family 6, subfamily A1 (Aldh6a1), are expressed at relatively low levels in the colonocyte cultures compared to butyratemetabolizing enzymes. Furthermore, there is also a need to allow larger concentrations of propionate and acetate to pass through the epithelial barrier as these molecules contribute heavily to metabolic homeostasis in the liver and other systemic organs (Weidemann et al., 1970) . Using global ChIP-seq and transcriptional analysis, we identified that the Foxo3 transcription factor, in part, mediated the suppressive effect of butyrate on stem cells. Butyrate treatment led to increased binding of Foxo3 to several key cell-cycle genes. Furthermore, as butyrate acted to inhibit HDAC activity, it is plausible that this increased acetylation of histones facilitated the increased access of Foxo3 to alter cell-cycle gene expression. Foxo3 is known to play a key role in halting cell-cycle progression (Paik et al., 2007; Ramaswamy et al., 2002) . For example, the Foxo family of transcription factors mediates quiescence and enhanced survival in hematopoietic stem cells . This suppressive function of Foxo3 is important to maintain the long-term regenerative potential of stem cells in the hematopoietic compartment. Finally, SNPs in Foxo3 have recently been implicated as a genetic correlate in the progression of inflammatory bowel disease, suggesting that this is a key transcription factor in the maintenance of intestinal homeostasis (Lee et al., 2013) . These known activities of Foxo3 support our overall model. Given the suppressive effects of butyrate on stem cells during injury, Foxo3 would be capable of slowing cell cycling in order to reduce potentially genotoxic damage from oxidative stress.
Based on extensive microbial profiling of a variety of eukaryotic organisms, a major theory was developed that microbes and their products played an important role in the evolution of their hosts (McFall-Ngai et al., 2013) . In particular, intestinal development, with its regional specification, was predicted to be a result of the host organ's interactions with microbes that cohabit the space. Our study with a microbial metabolite, butyrate, which perturbs crypt cell proliferation, may support this larger biological question. Based on the results of our experiments in mice and zebrafish, we speculate a model whereby butyrate may have influenced crypt development during evolution. Future applications of such experimental systems will permit us to probe more deeply into the theory of host-microbial co-evolution.
EXPERIMENTAL PROCEDURES Mice
All experimental procedures were performed under approval by Washington University's Animal Studies Committee. C57BL/6J, BALB/cJ, BALB/cBYJ (Acads À/À ), Foxo1-floxed, and Foxo3-floxed mice were purchased from Jackson Laboratories and bred in house. All experiments used littermate controls.
Mouse Treatments
Mice received ad libitum antibiotics cocktail of vancomycin, neomycin, ampicillin, and metronidazole (VNAM), or metronidazole alone. For DSS experiments, mice received 2.5% DSS in drinking water for 7 days. Mucosal colorectal injuries were created using an endoscopic-guided biopsy system as previously described (Seno et al., 2009 ). Mice received intra-rectal administration of sodium chloride or sodium butyrate (150 mm twice a day) from days 5-7 (DSS) or days 1-4 (biopsy). Detailed methods are described in the Supplemental Experimental Procedures.
Primary Intestinal Epithelial Cell Culture
Mouse and human colonic and small intestinal crypts were isolated and cultured in 3D Matrigel as previously described (Miyoshi et al., 2012; Miyoshi and Stappenbeck, 2013) . For colonocyte differentiation, culture media was switched to differentiation media 24 hr after passage. Detailed methods are described in the Supplemental Experimental Procedures. 
Metabolic Assays
Metabolic profiling of primary epithelial cells was performed using XF96e analyzer (Seahorse Bioscience). Detailed methods are described in the Supplemental Experimental Procedures.
Zebrafish Experiments
Day 5 post-fertilization AB* WT larvae were treated with sodium chloride or sodium butyrate as indicated. Epithelial proliferation was quantified by EdU staining as described in the Supplemental Experimental Procedures.
ChIP-Seq
ChIP-seq was performed to identify promoter sites with increased H3K27 acetylation in epithelial stem cells using anti-acetylated H3K27 antibody. ChIP-seq data available at GEO: GSE74601. Microarray data available at ArrayExpress: E-MTAB-4005. Detailed methods are described in the Supplemental Experimental Procedures.
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